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VERIFICATION OF THE RTCC GPTICS COMPUTATIONS FOR AS-205/CSM 101 

By Troy J. Blucker 

SUMMARY 

This note  conta ins  t h e  v e r i f i c a t i o n  of t h e  Real-Time Computer 
Complex ( R T C C )  o p t i c s  computations which are provided t o  determine 
i f  c o r r e c t  stable-member alignment of t h e  i n e r t i a l  mea,surement u n i t  
kas been a t t a i n e d  during AS-205. The c a l c u l a t i o n s  serve t h e  fol lowing 
func t ions  : 

I M U )  

a. To determine t h e  r e t i c l e  coordinates  of two stars which appear  
s imultaneously i n  t h e  t e l e scope  f i e l d  of v i e w .  

b.  To determine t h e  s e x t a n t  shaft and t runn ion  angles  necessary 
t o  c e x t e r  a s tar  i n  t h e  f i e l d  of view. 

c .  To determine t h e  coordinates  wi th  r e s p e c t  t o  t h e  r e t i c l e  pa t -  
t e r n  of  a s tar  vhich  appear i n  t h e  bores ight  f i e l d  of v i ev .  

INTRODUCTION 

A f t e r  each alignment of t h e  Apollo command modile ( C M )  IMU s t a b l e  
menber during AS-205, t h e  RTCC determines i f  t h e  new alignment i s  cor- 
r e c t  based on onboard s ta r  s igh t ings .  
Physics  Branch of t h e  Mission Planning and Analysis Div is ion  i s  3ow 
a v a i l a b l e  t o  v e r i f y  t h e s e  RTCC op t i c s  computations.  This i s  accomplished 
by an independent computation of  s tar  s i g h t i n g  angles  and view-field 
coord ina tes  of stars wi th  r e s p e c t  t o  instrument  r e t i c l e  p a t t e r n s  f o r  
t h e  t h r e e  o p t i c a l  instruments  (scanning t e l e s c o p e ,  s e x t a n t ,  and. bore- 
s i g h t )  c u r r e n t l y  planned f o r  t h e  AS-205 command module. The program 
i s  capable  of c a l c u l a t i n g  t h e  following : 

A program w r i t t e n  by Mathematical 

a. The shaft  and t runnion  ang les  r equ i r ed  t o  c e n t e r  a given s tar  
i n  t h e  sex tan t  f i e l d  of  view. 



b .  The r e t i c l e  p a t t e r n  coordinates of two stars which s imultaneously 
appear  i n  t h e  t e l e scope  f i e l d  o f  view. 

c .  The r e t i c l e  p a t t e r n  coordinates  of a given star which appears  
i n  t h e  bo res igh t  f i e l d  of view. 

Addi t iona l  p e r t i n e n t  app l i ca t ions  of t h i s  program are t o  veri* 
star i d e n t i f i c a t i o n  during navigat ion s i g h t i n g s  , t o  a i d  t h e  a s t ronau t  
i n  s i g h t i n g  stars i n . t h e  instrument f i e l d  of view, and t o  provide an 
import an t  emergency backup mode fo r  manual s p a c e c r a f t  alignment and 
a t t i t u d e  con t ro l .  

A similar program w a s  formulated and w r i t t e n  f o r  AS-204 which d i f -  
fers from t h e  AS-205 program pr imar i ly  because of CM hardware changes. 
The changes for AS-205 (and a l l  block I1 s p a c e c r a f t )  are i n  t h e  CM 
bo res igh t  and t h e  CM IMU stable member coord ina te  systems. The IMU 
stable m e m b e r  coord ina te  system for  AS-205 i s  p a r a l l e l  t o  t h e  space- 
c r a f t  body coord ina tes  with 0 ,  0 ,  0 gimbal angles  as opposed t o  a 33' 
o f f s e t  f o r  t h e  AS-204 CM, as shown i n  f i g u r e  1. 

SYMBOLS 

I M U  
A 

1, 

Sh 

T r  

s s  

Ts 

i n e r t i a l  measurement u n i t  

u n i t  vec to r  i n  d i r e c t i o n  of s tar  

o p t i c s  shaf't angle  

o p t i c s  t runnion  angle  

s h a f t  angle  t o  s ta r  

t runnion  angle  t o  star 

o p t i c a l  coord ina te  axes 

veh ic l e  body coord ina te  axes 

t e l e scope  view-field r e t i c l e  coordi-  
na t e s  

bores  i g h t  v i e w -  f i e l d  r e t  i c l e  coordi-  
na t e s  ( p o l a r )  

u n i t  vec to r  i n  d i r e c t i o n  of o p t i c s  
l i n e  of s i g h t  



3 

u) aJ x 
rd 



4 

LOCATION OF STARS I N  TELESCOPE VIEW FIELD 

The t e l e scope  view-field coordinates  wi th  r e s p e c t  t o  t h e  r e t i c l e  
p a t t e r n  of two stars which are s igh ted  s imultaneously are c a l c u l a t e d  
assuming t h a t  t h e  fol lowing a r e  a l l  known: 

a. The c e l e s t i a l  coordinates  of t h e  two stars s i g h t e d  wi th  t h e  
t e l e scope .  

. b.  The o r i e n t a t i o n  of t h e  spacecraf t  IMU s t a b l e  member i n  i n e r t i a l  
space.  

c .  The IMU gimbal angles ' .  

d .  The t e l e scope  s h a f t  and trunnion angles .  

The c a l c u l a t i o n s  are made i n  t h e  s p a c e c r a f t  o p t i c a l  coord ina tes  
( f i g .  2 ) ,  because t h e  t e l e scope  shaf t  and t runnion  angles  are measured 
wi th  r e spec t  t o  t h i s  s e t  of axes. 

If t h e  t e l e scope  f i e l d  of view i s  extended t o  t h e  c e l e s t i a l  sphere ,  
t h e  stars appear i n  t h e  r e t i c l e  p a t t e r n  as shown i n  f i g u r e  3. 

For AS-204 t h e  r and m coordinates of stars i n  t h e  t e l e scope  were 
def ined  as i l l u s t r a t e d  i n  t h e  enlarged p a r t  of t h e  view f i e l d  ( f i g .  4 ) .  
The formulat ion i s  given below as w a s  de f ined  f o r  AS-204 wi th  one 
change. For spacec ra f t  101 ,  t h e  r coord ina te  o f  a s tar  i n  t h e  t e l e -  
scope view f i e l d  i s  measured from a l i n e  p a r a l l e l  t o  and 25' below t h e  
h o r i z o n t a l  c ros s  h a i r  l i n e  of t h e  t e l e scope .  The only change i n  t h e  
AS-204 formulat ion f o r  computing the  r and m coord ina tes  of  a s tar  
i n  t h e  t e l e scope  view f i e l d  f o r  spacecraf t  101 would be  t o  add 2 5 O  t o  
t h e  r cocrd ina te  a f te r  t h e  f i n a l  computation. 

The c a l c u l a t i o n s  are made fo r  each of t h e  two stars appearing i n  
t h e  t e l e scope  view f i e l d .  

A 

Assume: 1, - star u n i t  vector  i n  o p t i c a l  coord ina tes .  

Sh - t e l e scope  s h a f t  angle  

T r  - Telescope t runnion angle  

1 
The IMU gimbal angles def ine t h e  a t t i t u d e  of t h e  s p a c e c r a f t  with 

r e s p e c t  t o  t h e  I M U  s t a b l e  member o r i e n t a t i o n  which remains f i x e d  i n  
i n e r t i a l  space.  
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Instrument line of sight 
f 

OP' Figure 2 .- Spacecraft optical axes, X Yopr and Z 

OP 

A 

Telescope line of sight 

Telescope field of view 

- yoP 

Figure 3 .- Telescope reticle pattern projected on celestial sphere. 
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Figure 4 .- Enlargement of telescope reticle pattern. 

view-field center 
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The s h a f t  mg7.e ( S s )  and t runnion  angle ( T s )  of a s tar  are given by 

ss = tan-1 [;I 
- 

T s  = cos (Z,) 

where X,, Y,, Z, are t h e  components of t h e  star unit v e c t o r  i n  o p t i c a l  

coord ina tes .  

The u n i t  vec to r  along t h e  te lescope  l i n e  of s i g h t  ( t o  t h e  c e n t e r  of  t h e  
r e t i c l e  p a t t e r n )  i s  

cos (Sh) s i n  ( T r )  

The t e l e scope  r e t i c l e  coordina.tes of a star ( m , r )  are then  calcu- 
la ted as fol lows:  

If Ss = Sh, and T s  = T r y  then  m = r = 0 .  

If Ss = Shy  bu t  T s  # T r y  t hen  m = o and 
h h - 

r = cos (1, L). 

If Ss # Shy bu t  T s  = T r y  then r = o and 
h h - 

m = cos (1, L). 

If Ss # Sh, and Ts # T r y  t hen  

4 czx = ISh - Ss 1 .  
h 

Define E t o  be t h e  angle  between t h e  star u n i t  v e c t o r  (1,) 
n 

and t h e  t e l e scope  l i n e  of s i g h t  ( L e ) .  Then 
- 

E = cos [cos ( T r )  cos ( T s )  + s i n  ( T r )  s i n  ( T s )  cos (<) c z x ) ] ,  - 

s i n  ( T s )  s i n  ( < ) e m )  
s i n  F: 

<) zcx = sin-1 



a 

It t h e n  follows t h a t  

r = s i n  - 1 [ s i n  ( Oxcv) s i n  € 1  + 25' 

and 

Also i f  T r  + 2 5 O  > T s  , t h e  r i s  negat ive ,  otherwise r i s  p o s i t i v e  and 
i f  Sh > Ss , t hen  m i s  nega t ive ,  otherwise m i s  p o s i t i v e .  

SEXTANT SHAFT AND TRUNNION ANGLES OF STAR 

The s e x t a n t  s h a f t  and t runnion angles  necessary t o  cen te r  a s tar  
i n  t h e  f i e l d  of view are ca l cu la t ed  assuming t h e  fol lowing a r e  known: 

a. The c e l e s t i a l  coord ina tes  of  t h e  star s i g h t e d  wi th  t h e  s e x t a n t .  

b.  The o r i e n t a t i o n  of t h e  spacec ra f t  IMU s t a b l e  member i n  i n e r t i a l  
space.  

c .  The IMU gimbal angles .  

The s e x t a n t  shaft and t runnion  angles  are i d e n t i c a l  t o  t h o s e  of  
t h e  t e l e scope  ( f i g .  3 ) .  
c e l e s t i a l  sphe re ,  t h e  star will appear at t h e  c e n t e r  o f  t h e  view f i e l d  
when t h e  c a l c u l a t e d  s h a f t  and t runnion angles  a r e  commanded. This i s  
shown i n  f i g u r e  4.  

If t h e  sex tan t  f i e l d  o f  view i s  extended t o  t h e  

The development proceeds as fo l lows:  
A 

Assume: 1, - star u n i t  vector  i n  o p t i c a l  coord ina tes .  

Sh - sex tan t  shaft  angle.  

T r  - sex tan t  t runnion angle .  

The s h a f t  angle  (Ss )  and t runnion angle  ( T s )  of a star a r e  



. 

OP 

Figure 5.- Star position in sextant viewfield. 

of sight 
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T s  = cos -l (z,) 

. 

where X,, Y,, Z, a r e  t h e  components of t h e  s t a r  u n i t  vec to r  i n  o p t i c a l  

coord ina tes .  

The star be ing  observed w i l l  appear on t h e  s e x t a n t  r e t i c l e  cen te r  
if t h e  s e x t a n t  shaft  and t runn ion  angles are commanded t o  b e  equal  t o  
t h e  s tar  s h a f t  and t runn ion  a n g l e s ,  r e spec t ive ly .  

BORESIGHT RETICLE PATTERN COORDINATES OF STAR 

The coord ina tes  of  a s tar  wi th  r e spec t  t o  t h e  bo res igh t  r e t i c l e  
p a t t e r n  are c a l c u l a t e d  assuming t h e  fol lowing are known. 

a. The c e l e s t i a l  coord ina tes  of t h e  star t h a t  i s  s i g h t e d  with t h e  
b o r e s i g h t .  

b. The o r i e n t a t i o n  of  t h e  spacec ra f t  IMU s t a b l e  member i n  i n e r t i a l  
space.  

c .  The IMU gimbal angles .  

The bo res igh t  i s  a compact, low magni f ica t ion ,  5' field-of-view 
t e l e scope  whose n u l l  p o s i t i o n  l i n e  of s i g h t  i s  p a r a l l e l  t o  t h e  spacec ra f t  
roll ( X )  axis. The adjustment c a p a b i l i t y  of  t h e  bo res igh t  ranges from 
-10' t o  31.5' from t h e  CM X-Y plane measured i n  t h e  X-Z p lane  - motion 
from +X t o  +Z being negat ive  ( f i g .  6 ) .  
view-field coordinates  i s  s p e c i f i e d  by s tar  p i t c h  angle  (SPA) and star X 
p o s i t i o n  ( SXP) . 

The 2 o s i t i o n  of  a star i n  t h e  

h 

If t h e  s ta r  u n i t  vec to r  S, i s  r o t a t e d  i n t o  t h e  s p a c e c r a f t  coordinate  
system, t h e  components XSC, YSC, ZSC may be def ined  i n  body coordinates  
as i l l u s t r a t e d  i n  f i g u r e  7. The bores ight  angles  (SPA, SPX) a r e  then  
def ined  as i l l u s t r a t e d  i n  f i g u r e  7. 

Then, 

and t h e  oppos i te  s i g n  of 
t h e  ZSC component o f t h e  

SPA = a rc t an  (E) 
SPA can be determined by examining t h e  s i g n  of 
star u n i t  vec to r  i n  s p a c e c r a f t  coord ina tes .  
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LEIFT 
Figure 6 . -  CM boresight adjustment capability (target at infinite distance). 

i" 

. 
/BO RES1 GH T 

xB CENTER 

Figure 7 .- Boresight angles (SPA,SPX) in spacecraft body coordinates. 
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Also 

SPX = a r c s i n  (YSC)  

c 

. 

and t h e  s i g n  o f  SPX can be  determined by examining t h e  s i g n  of  t h e  YSC 
component o f  t h e  star unit  vec to r  i n  s p a c e c r a f t  coord ina tes .  

PROGRAM 

The program l o g i c  f o r  a l l  t h r e e  Apollo o p t i c a l  instruments-  - t e l e scope ,  
s e x t a n t ,  and bo res igh t  i s  given i n  flowchart  1. 
methods of  calculat . ions have already been provided s o  are not  included 
i n  t h e  l o g i c  flow. 

The equat ions  or o the r  

Table I de f ines  t h e  input  information and sequence t h a t  would be  
necessary f o r  t h i s  program. It i s  p o s s i b l e  t o  assemble as many of t h e s e  
d a t a  s t a c k s  as d e s i r e d  i f  t h e  order  i s  maintained. It should b e  noted 
t h a t  t h e r e  i s  no r e s t r i c t i o n  t o  which, how many, or i n  what order  t h e  
ins t ruments  are used as long as each i n d i v i d u a l  s t a c k  i s  c o r r e c t .  

Table I1 de f ines  t h e  1108 l i s t i n g  of  t h e  program along wi th  a 
sample inpu t  l i s t i n g .  

Table I11 i s  a sample l i s t i n g  of t h e  output  of t h e  program and t h e  
headings are def ined as fol lows.  

ALPHA - IMU s t a b l e  member inner  gimbal angle .  

BETA - IMU stable member middle gimbal angle .  

GAMMA - I M U  s t a b l e  member outer  gimbal angle .  

Reformation mat r ix  - The matr ix  which r o t a t e s  a vec to r  from t h e  ECI 
t o  t h e  s t a b l e  member coordinate  system. 

SM t o  NB Rota t ion  Matr ix  - The mat r ix  which r o t a t e s  a vec to r  from 
t h e  s t a b l e  member t o  t h e  spacec ra f t  coord ina te  system. 

Name - S t a r  name 

Cat. No. - Command module computer ca ta logue  number of  t h e  star.  

R and M - Telescope view-field coord ina tes  of  a s tar .  

Right Ascension - Right ascension o f  t h e  s tar  i n  ECI coord ina te  system. 

Decl ina t ion  - Decl ina t ion  of t he  star i n  ECI coord ina te  system. 
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BORESIGH w 
READ NEXT 
DATA STACK READ TELESCOPE SHAFT AND 

TRUNNION ANGLES, IMU GIMBAL- , 
ANGLES, AND [REFSMMAT] 3x3 - 

t 2 

t 
READ STAR NAME, CATALOGUE 
NUMBER, R.A. AND DECL. 

I CALCULATE: I 
' 

I TX- UNIT VECTOR TO STAR 

-? IN STABLE MEMBER I 'XSM X 
COORDINATES 

f o p  -rX IN OPTICAL 

COORDINATES - 
L i 

CALCULATE SHAFT AND 
TRUNNION ANGLES 

WRITE SHAFT AND TRUNNION 
ANGLES, STAR NUMBER AND 

ORDINATES OF STAR 

h T A 
CALCULATE UNIT VECTOR OF 
TELESCOPE LINE OF SIGHT DETERMINE SIGN OF 

~ 

Flow chart 1.- Program logic. 
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READ STAR NAME, CATALOGUE 
NUMBER, R.A., AND DECL. 

L 

c 

RETICLE COORDINATES 
SPA AND SPX 

. 

. 

TRUNNION ANGLES OF ?% op 

PRINT THIS FOR SEXTANT 
SHAFT AND TRUNNION 

LAST STAR + 

READ IMU GIMBAL ANGLES 

READ STAR NAME, CATALOGUE 

CALCULATE: 

?#- UNIT VECTOR TO STAR 

TXSM-?* IN STABLE MEMBER 

COORDINATES 

&NB-T* IN OPTICAL 
COORDINATES 

YES 

READ NEXT 
DATA BATCH 

Flow chart 1.- Program logic - Concluded. 



TABE3 I. - PROGRAM INPLPT 

Card 
lumber 

1 

a2 

3 

4,5,6 

b7 

Name 

M 

J 

Sh 

T r  

A 

B 

G 

RM 

XNAICE 

CAT 

HR 

XMIN 

SEC 

DEG 

XMN 

sc 

Column 
number 

1-5 

6-10 

1-20 

2 1- 40 

1-20 

21-40 
41-60 

1-20 
21-40 
41-60 

1-10 

L1-20 
21-25 
26-30 
31-40 
41-45 
46-50 . 
31-60 

In teger  (I), 
f l o a t i n g  (F),  

o r  
alphanumeric (A) 

I 

I 

F 
F 

F 
F 
F 

F 
F 
F 

A 

Description 

Number of p a i r s  of s t a r s  when 
J = 0 ( te lescope)  

Number of s t a r s  when J # 0 (sextan t  
o r  boresight)  

J = 0, te lescope 

J = 1, sextant  

J =-1, boresight  

Shaf t  angle of te lescope (degrees) 

Trunnion angle of te lescope (degrees) 

IMU inner  gimbal angle (degrees) 

IMU middle gimbal angle (degrees) 

IMU outer  gimbal angle (degrees) 

3x3 r o t a t i o n  matrix from e a r t h  centered 

i n e r t i a l  t o  spacecraf t  s t a b l e  member 

coordinates (One row per card) .  

S t a r  name 

S t a r  catalogue number 

Right ascension of s t a r  (hours) 

(minutes 

(seconds 

Declination of s t a r  (degrees) 

(minutes ) 
(seconds ) 

aCard 2 i s  input only when J = 0 ( te lescope)  

bCard 7 is  repeated f o r  each s t a r  i n  any ind iv idua l  batch 

. 



TABU 11.- PROGRAM LISTING 

. 
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TABLF: 11.- PROGRAM LISTING - Continued 



TABLE 11.- PROGRAM LISTING - Concluded 

L 

* 

,9993999 - -0, ~ ___- - O Y  
0. .9999999 0. 
0. 0. 9999999 

STAN 25 25 14. 14. 9. 19. 21. 12. 
- STtiKJfr $6- . - - Z G r 2 , - 3 4 .  3. 43. 77. 

1 l J  
205.3 - __ 
25. U 25.0 55.0 

0. .9999999 0. 

S r M A  32 32 19. 49. 10. 8. 46. 48. 
-_ 0. . _ _  -_ 03 -_____-- LYYgqP99 -- 
- STr\H 5 3  33 Lo_, LYL - 9*--- - Z L ! * 2 5 L  AL 

L -1 
25.u 25.0 55. I1 
.9Y9Y999 0. 0. 
0. .. L ? Y ? E L  o , - -  - 
0. 0. .9999999 
O.u 
STAd 39 39 5. 1 0 .  40. -29 -6. -59 . 
STAK 231 231 4. 16. 39. -33. -52. -41. 

-- - _ A  

__ _ _  

2 1  
0.0 - -~ 15J _. tl 0.0 ___ 

.9 5) 4 w99-- 0. 0. 
- .9999999 __ 0. 0. 

0. 0. .9999999 
- S T A ~  25 LJ 14. 14, q.  19. 21. 12. 

S r A l i  36 30 21. 42. 34. 9. 43. 22. 

._ _- 

1 - _ u  .- __ __ 
137.9 34.4 

150.g 0.0 _ _  0.0 
.y99q999 - 0. 0. 
0. .YY9999Y 0. 
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